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l FOREWORD

\
N\

)
QTI‘his report represents the fourth annual summary of research carried

out under Office of Naval Researcé;égﬁtract No. NOOOl4—79—d§31.*‘The objective
of this research is to obtain a better understanding of the metallic substrate/
organic coating/interface system so that improvements may be made in corrosion
control éf metals by painting. The report this year includes a summary of
progress made in 16 different components of the program. These activities

are arranged for convenience into those primarily concerned with (a) corrosion
at the interface, (b) the chemistry of the metal/coating interface, (c) the
properties of the coating, (d) the properties of iron oxides with particular
relevance to the painting of rusted steel, Each of the 16 sections has been
authored by the program component diré::;§§;hd there is thus a difference in
the style of presentation in many of the sections. It should be noted that the
program number in this year's report is not necessarily the same as the number

in the third annual report.

It is recognized that readers of this report will be interested in the

contents for different purposes. In an effort to accommodate to these diverse
interests, the report is presented in the following format.

(1) A list of public disclosures of the research. The references
may be useful to those who wish to explore the research results
in greater detail.

(2) A list of the titles of the 16 component programs and the names
of the participants.

(3) A condensation of the total program. This summary is aimed at
those who wish to obtain an overview of the program and the
approaches being used.

(4) A more detailed outline of the results generated during the
present report period.
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SECTION 1

A List of Public Disclosures of the Research during the Period,
September 1, 1982 - September 30, 1983

Published Papers

"Drying and Curing of Epoxy Resin-Curing Agent Systems,' Ata-Ur Rahman, A
Research Report in partial fulfillment for the M.S. degree in Polymer
Science & Engineering, Lehigh University, 1983.

"Structure Investigations of Electrodeposited Nickel," Attila Vértes,
2solt Kajcsos, Ilona Czaké-Nagy, Magda Lakatos-Varsdnyi, Laszlo Csordis,
Gerhard Brauer, and Henry Leidheiser, Jr., Nuclear Instruments and Methods
199, 353-57 (1982).

""Cobalt and Nickel Cations as Corrosion Inhibitors for Galvanized Steel,"
H. Leidheiser, Jr., and I. Suzuki, in Atmospheric Corrosion, William H. Ailor,
Editor, John Wiley & Sons, New York, 615-29 (1982).

"Activities in Corrosion at the Center for Surface and Coatings Research,
Lehigh University, Bethlehem, Pa., USA," Henry Leidheiser, Jr., in Newsletter,
Division of Colloid and Surface Chemistry, The Chemical Society of Japan 7,
No. 6 (Nov. 1982), pp. 9-10.

"The Atmospheric Corrosion of Iron As Studied by Méssbauer Spectroscopy,"
Henry Leidheiser, Jr., and Svetozar Musié, Corrosion Science 22, No. 12,
1089-96 (1982).

"The Mechanism for the Cathodic Delamination of Organic Coatings from a Metal
Surface," Henry Leidheiser, Jr., Wendy Wang, and Lars Igetoft, Progress in
Organic Coatings 11, 19-40 (1983).

"A Two-Step Anodization Process for Inhibition of the Oxygen Reduction Re-
action on Iron," Henry Leidheiser, Jr., and Hidetaka Konno, J. Electrochem.
Soc. 130, 747-53 (1983).

"Effect of Stresses on the Mossbauer Line Intensities in Nickel Electrode-
posits of [100] Texture," L. Takacs, A. Vértes, and H. Leidheiser, Jr.,
physica status solidi (a) 74, K45-K48 (1982).

Whitney Award Lecture-1983, '"Towards a Better Understanding of Corrosion
Beneath Organic Coatings,' Henry Leidheiser, Jr., Corrosion 39, No. 5,
189-201 (1983).

"New Studies of the De-Adhesion of Coatings from Metal Substrates in Aqueous
Media—Interpretation of Cathodic Delamination in Terms of Plarization Curves,'
Henry Leidheiser, Jr., Lars Igetoft, Wendy Wang and Keith Weber, Proc. VIIth
International Conference in Organic Coatings Science and Technology, Athens,
Greece, July 13-17, 1983, pp. 327-58.
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"Inhibition of the Oxygen Reduction Reaction Using 8-Hydroxyquinoline,"
H. Leidheiser, Jr., H. Konno, and A. Vertes, in Proceedings, NACE Intl.
Conf. on Corrosion Inhibitors, Dallas, Texas, May 1983.

"Passivation of Steel in a Borate Buffer Containing Organic Compounds as
a Means for Improving Corrosion Resistance," in Proceedings of the Fifth
Intl. Symposium on Passivity, Bombannes-Bordeaux, France, May 30-June 3,
1983.

"The Effect of Surface Treatment and Substrate Metal on Electrochemical
Behavior after Passivation in a Borate Buffer Containing 8-Hydroxyquinoline,"
H. Konno and H. Leidheiser, Jr., in Extended Abstracts Vol. 83-2, October
1983 Fall Meeting of The Electrochemical Society, Washington, D.C.

"Acid-Base Interactions in Polymer Adhesion,'" F. M. Fowkes, in Physico-
chemical Aspects of Polymer Surfaces, ed. K. Mittal, Plenum Press, 2,
583-603 (1983).

"Characterization of Solid Surfaces by Wet Chemical Methods," F. M. Fowkes,
ACS Symp. Ser. 199, 69-88 (1982).

"New Concepts of Interfacial Interaction in Particulate and Fibrous
Composites,”" in Proceedings, Intl. Conf. on the Interface-Interphase in
Composite Materials, Society of Plastics Engineers, Liege, Belgium,
October 16-20, 1983, p.l.

"Pigment-Binder Interactions in Corrosion-Protecting Coatings,'" M.S. Report,
Polymer Science and Engineering Program, Lehigh University, October 1983.

Papers Submitted, Accepted or In Press

"Direct Determination of Molar Enthalpies of Adsorption in Flow Microcalor-
imetry,”" S. T. Joslin and F. M. Fowkes, in preparation; to be submitted to
the Journal of Colloid and Interface Science.

"Fundamental Aspects of Corrosion Protection," H. Leidheiser, Jr., P. A.
Clarkin, and E. McCafferty, Naval Research Review, in press.

"Improved Corrosion Resistance of Steel in Water after Abrasive Blasting
with Alumina,'" H. Leidheiser, Jr., S. Music, and J. F. McIntyre, Corrosion
Science, in press.

"™™Metal /Flame-Sprayed-Aluminum Interface as Studied by Emission Mdssbauer
Spectroscopy,' H. Leidheiser, Jr., H. Herman, R. A. Zatorski, S. Musid,
and A. Vertes, J. Electrochem. Soc., in press.

"Structure Investigations of Electrodeposited Nickel I. (X-Ray Diffraction
and Mossbauer Spectroscopic Measurements),”" A. Vertes, I. Czaké-Nagy, M.
Lakatos-Varsdnyi, L. Csordas, and H. Leidheiser, Jr., submitted to J.
Electrochem. Soc.
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"Structure Studies of Nickel Electrodeposits II. Positron Lifetime Measure-
ments,'" A. Vértes, C. Szeles, Zs. Kajcsos, and H. Leidheiser, Jr., submitted
to J. Electrochem. Soc.

"Coatings," H. Leidheiser, Jr., Chapter in Corrosion Mechanisms, F. Mansfeld,
Editor, Marcel Dekker, accepted for publication.

"M8ssbauer Spectroscopic Study of Rust Formed during Simulated Atmospheric
Corrosion," H. Leidheiser, Jr., I. Czakd-Nagy, submitted to Corrosion
Science (Oct. 1983).

"Interface Acid-Base/Charge Transfer Properties," F. M. Fowkes, in Surface
and Interfacial Aspects of Biomedical Polymers, ed. J. Andrade, Plenum Press,
in press.

"Acid-Base Contributions to Adsorption on Polymers on Fillers,”" F. M. Fowkes,
paper presented in Houston, TX, Rubber Division, American Chemical Society
Meeting, October 25-28, 1983. Manuscript submitted for publication.
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SECTION 2

The Titles of the Component Programs Summarized Herein
and the Participants

Programs Concerned with Corrosion at the Interface

Improved Corrosion Resistance of Steel in Mild Media after
Abrasive Blasting with Alumina

Principal Investigator: Henry Leidheiser, Jr.
Professor of Chemistry

Associate: Jack F. McIntyre ]
Research Associate i

Towards an Understanding of the Phenomenon of Poor Wet

Adhesion

Principal Investigator: Henry Leidheiser, Jr.
Professor of Chemistry

Associate: " H. E. George Rommal

Graduate Student

Interfacial Breakdown in a Coating/Metal System as Studied
by Thin Film Conduction Techniques and Optical Microscopy
from the Substrate Side

Principal Investigator: Jack F. McIntyre
Research Associate
A Model for the Quantitative Interpretation of Cathodic

Delamination

Principal Investigator: Henry Leidheiser, Jr.
Professor of Chemistry

Associate: Wendy Wang
Graduate Student
Catalysis and Inhibition of the Oxygen Reduction Reaction

Principal Investigator: Richard D. Granata
Research Scientist

Associate: Jane Heitz
Technician
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Programs Concerned with the Chemistry of the Metal/Coating Interface

Principal Investigator:

Associate:

(6) Detection of Aggregated Water in Polymer Coatings

Henry Leidheiser, Jr.
Professor of Chemistry

Douglas Eadline
Graduate Student

Investigation of Phosphated Steel Surfaces by Laser Raman

Spectroscopy

Principal Investigator:

Associate:

Henry Leidheiser, Jr.
Professor of Chemistry

André Sommer
Graduate Student

(8) Studies of the Coating/Substrate Interface Using Surface

(9)

(10)

Enhanced Raman Spectroscopy

Principal Investigator:

Associate:

Roland Lovejoy
Professor of Chemistry

David Koran
Visiting Scientist

Acid/Base Properties of Hydrated Oxides on Iron and Titanium

Surfaces

Principal Investigator:

Associate:

Determination of the Acidity
Acid Sites on Hematite Using

Principal Investigator:

Associate:

Gary W. Simmons
Professor of Chemistry

Bruce Beard
Graduate Student

of Iron Oxide Surfaces.
Flow Calorimetry

Frederick M. Fowkes
Professor of Chemistry

Sara Joslin
Graduate Student
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(15)

= ————e

e gy st

(11) Characterization of the Surface Properties of Iron Oxides

Principal Investigator: F. J. Micale
Professor of Chemistry

Associate: Dennis Kiernan
Graduate Student

Programs Concerned with Properties of the Coating

Drying and Curing of Epoxy Films

Principal Investigator: Mohamed El-Aasser
Professor of Chemical Engineering

Associates: Cesar Silebi
Associate Professor of Chemical
Engineering

Olga Shaffer
Technical Associate

Ata-Ur Rahman

Graduate Student
Analysis of Electrodeposited Epoxy Resin by Laser Raman Microprobe
Principal Investigator: Eugene M. Allen

Professor of Chemistry
Effect of Acid-Base Interaction on Permeability and Mechanical

Behavior of Model Protective Coatings

Principal Investigator: John Manson
Professor of Chemistry

Associate: Astrophel Tiburcio
Graduate Student
Diffusion of Ions and Water into Protective Organic Coatings and

the Cathodic Delamination Process

Principal Investigator: Henry Leidheiser, Jr.
Professor of Chemistry

Associate: Jeffrey Parks
Graduate Student




Program Concerned with Painting Rusted Steel

(16) An Understanding of the Principles Related to the Application
of Paints to Rusted Steel Surfaces with Little or No Surface

h Preparation
Principal Investigator: John W. Vanderhoff

3 Professor of Chemistry
Associates: Leonard M. Bennetch

Consultant

Olga Shaffer
Technical Associate

T-C. Clarence Huang
Graduate Student




SECTION 3

A Summary of the Experimental Results Obtained during the Period,
September 1, 1982 - September 30, 1983

A summary is given herein of the total research program, the components
of which are directed by 9 Lehigh faculty members, a research scientist and
a research associate.

The corrosion process which occurs beneath an organic coating is pre-
ceded by the development of an aqueous phase at the interface. In some cases
3 this aqueous phase develops over the entire interface and the coating develops
what has been termed ''poor wet adhesion." This latter phenomenon has been
1 studied on glass substrates and metallic substrates in order to determine if
there are correlations which can be drawn among metal/organic coating systems.
[ Acrylic and three different alkyd systems retained good adhesion to aluminum,
chromium and tin after immersion in deionized water for 3 days while silver,
copper, nickel and silicon exhibited behavior characteristic of the coating
system. Measurements of acrylic coatings on glass indicated that the collec-
tion of water at the glass/coating interface occurred locally and then the
water spread laterally from these nucleation sites.

A second method being used to understand better the initial stages of
the corrosion process is based on the change in resistance of a metal film,
150- 200 A. in thickness, after coating with an organic material and exposure
to a corrosive environment. Uncoated metals, such as aluminum, iron and
nickel, undergo rapid changes in resistance when exposed to a high relative

| humidity or to a corrosive environment. Coated metals exhibited slower chang-~
es in resistance. The resistance changes occurred before corrosion was visible
either as viewed through the coating or as viewed through the thin metal film
on a glass base. Large increases in resistance did occur when corrosion was
first detected. The method shows promise as a means for studying the very
early stages of the corrosion process beneath organic coatings.

The development of an aqueous phase at the coating/metal interface, or
possibly within the polymer itself, is being followed by means of high fre-
quency dielectric spectroscopy. A change in the dielectric properties at a 3
frequency of the order of 107 Hz has been identified with the presence of
water in polyvinyl acetate coatings. The character of the dielectric response
in this frequency range is attributed to free and aggregated water molecules
in the coating. It appears possible to discriminate between these two types
of water.

After water has collected at the metal/organic coating interface, the
medium for electrochemical processes is present and the corrosion process can
be initiated. Whetnar or not corrosion occurs is dependent upon the activity
of the metal surface. Two studies are being carried out which relate to the
surface activity. The first is concerned with activity changes which occur
as a consequence of abrasive blasting with alumina. Much of the alumina that
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ends up on the surface after blasting is present as embedded particles that
impact the surface and plastically deform it. A small fraction of the total
aluminum present in the surface 1s presumed to be incorporated into the oxide
film on an atomic scale. The energy released locally during impact is high
and some of the aluminum ions or aluminum-oxygen complex enters the surface
oxide during its formation as the alumina particles impact the surface. This
newly formed oxide is a poorer catalyst for the oxygen reduction reaction and
is more resistant to anodic attack.

Means for modifying the surface of the metal to make it a poorer cata-
lyst for the oxygen reduction have already been developed in this study, but
additional methods are required. A literature survey suggests that the oxide
film on iron can be modified to yield different semiconducting properties
which can influence the oxygen reduction reaction. Experimental studies show
that anodization of a steel surface in the presence of aluminum ions yields
an inhibited electrochemical surface as judged by polarization resistance data.

A quantitative model of cathodic delamination, i.e., the delamination
that results because the cathodic reaction occurs beneath the coating, is
presented. The model is based on a 2-dimensional application of the model
used to explain the precipitation of a solid from a liquid medium. The model
predicts reasonable values of the diffusion coefficient for active species.

Laser Raman spectroscopy is being explored as a means for in gitu studies
of the organic coating/metal interface. 1Iron, zinc and manganese phosphates
have been characterized and their spectra have been successfully obtained
through organic coatings. It has been possible to follow the attack of the
phosphate by strong alkaline solutions, a chemical reaction which mirrors the
attack of phosphate during cathodic delamination. Major efforts have been
expended to determine if the Surface Enhanced Raman Spectroscopy (SERS) effect
can be used to advantage in studying phenomena at the coating/metal interface.
Several candidate systems have been selected, but no SERS effect has yet been
obtained when the probe molecule is at the coating/metal interface.

The bonding between an organic coating and the substrate metal and be-
tween pigment and organic matrix may be interpreted in terms of an acid/base
interaction. Three studies are focusing on quantifying these concepts. Flow
calorimetry is being used to study the adsorption and desorption of selected
organic compounds on iron oxides. Competition between water and the organic
molecule for sites on the surface is being determined by using dried solvents
and solvents to which small amounts of water are added. The acid/base
properties of the oxides on the surface of iron and titanium have been
quantitatively appraised by immersing the oxidized metal in KOH at controlled
pH. The extent of exchange of potassium ions with protons of the surface hy-
droxyls is followed by surface analysis techniques. The character of the
oxygen atoms in the surface region is simultaneously determined using X-ray
photoelectron spectroscopy.

The surface nature of iron oxides is being determined using electro-
phoresis, surface modification with silicon compounds, gas adsorption, gas
adsorption following thermal treatment, and infrared spectroscopy. Hexa-
methyldisilazane (HMDS) is a very effective reagent for hydrophobing the
surface of all iron oxides studied. The surface ~“OH groups are more randomly
distributed on y-FeOOH as compared to a-Fej03.

-10-
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Four programs are concerned with the coating. The drying of epoxy
resin-curing agent systems was studied as a function of the formulation of
the coating and the relative humidity of the air during drying. Water-
based systems exhibited a rough surface and cracks after drying while
solvent-based systems were comparatively smoother and had fewer cracks on
the surface. The drying behavior of the solvent-based systems was inde-
pendent of the relative humidity of the drying air. The changes in drying
rate with time for the water-based systems were attibuted to the formation
of a surface skin during the initial stages of drying and its rupture at
the end of the drying operation. Increased resistance to cathodic delamina-
tion was present in coatings that were dried at higher temperature and
lower relative humidity.

The homogeneity of epoxy-amide systems was determined utilizing a
Raman microprobe. Emissions characteristic of the epoxy and of the amide
were identified and the localized concentration of these two components
was then determined. The method shows promise as an analytical technique.

Inverse gas chromatography was adapted to characterize the acid/base
nature of untreated glass beads (acidic) and those treated with an amino-
silane (basic). Solvent retention, gas permeability and interfacial adhe-
sion (as shown in SEM pictures of fractured coatings) were explained in terms
of the surface properties of the glass bead filler material in phenoxy resin.

Radiotracer sodium and chlorine are being used to study the relation-
ship between ionic transport and the disbonding of protective coatings as a
function of potential. Coatings with good wet adhesion show a significant
increase in the rate of uptake of Nat when the substrate metal is made
cathodic at -0.8 V vs SCE. Lateral diffusion studies of Na¥ beneath poly-
butadiene coatings on steel at open circuit potential show that the rate of
lateral diffusion is of the same magnitude as diffusion through the coating.
Diffusion data are being generated which should be useful in a quantitative
analysis of the cathodic delamination process.

Fundamental information on the adsorption of polymers on iron oxide
corrosion products is being accumulated in order to understand phenomena re-
lated to the painting of rusted steel after the removal of only the loose
surface rust. Conductometric and polymer adsorption data indicated that the
larger iron oxide particles adsorbed greater amounts of polymer per unit sur-
face area. The larger particles had a greater density of acidic sites. Each
of these acidic sites on the oxide particle is attached to a segment of a poly-
methyl methacrylate molecule and loops of approximately 30 PMMA segments long
projected into the solution.
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INDIVIDUAL PROGRAMS




Program #1

Improved Corrosion Resistance of Steel in Mild Media
after Abrasive Blasting with Alumina

INTRODUCTION

Many miscellaneous observations of our own and of others during the
past few years have made us aware of the important role that surface condi-
tion plays in the superficial corrosion of metals. More recently we have
noted a very effective inhibition of corrosion of steel which had been sub-
jected to abrasive blast cleaning with alumina. This observation heightened
our interest because it had previously been found that the oxygen reduction
reaction occurs much less readily on an aluminum surface than on a steel
surface [1,2]. Since the rate at which the oxygen reduction reaction occurs
is critically important in the cathodic disbonding of an organic coating
from a metal substrate under many experimental conditions [3], it appeared
worthwhile to explore further the effect of abrasive blasting with alumina
on the superficial corrosion of steel. Preliminary studies on the investi-
gation of abrasive blasting with alumina have been reported previously [4].
Initial studies revealed an improved corrosion resistance of steel in dis-
tilled water after blasting with alumina [5].

There is much interest at the present time in modifying the surface
composition of steels in order to develop superior corrosion resistant be-
havior. Techniques such as ion implantation, laser surface alloying, and
surface diffusion processes are being explored intensively. It appears that
another candidate method for modifying the surface composition is non-
metallic abrasive blasting. The term, '"non-metallic abrasive blasting",
is used because there are proprietary processes that utilize metallic-
coated abrasives that leave significant amounts of the metallic component
on the substrate, a technique which imparts corrosion protection by anodic
sacrificial action.

EXPERIMENTAL

Abrasive blasting was carried out using equipment obtained from Hunter
Asgociates, Bridgewater, N.J. The abrasive materials were propelled toward
the substrate with compressed air at pressures of 50-68 psi and at angles of
30° or 90°., Table I lists the abrasive materials, mesh size, and several
other surface treatments used during the inevestigation. Substrates were
stored in a desiccator after blasting and prior to electrochemical investi-
gation. All substrates were washed with methanol and dried using a paper
tissue, "Kim-Wipe".




Table I
Material of Mesh Size Pressure of Angle of
Surface Preparation or other Blasting (psi) Blasting
AL,04* 280 62 30°
Al,04 60 52 90°
Steel Grit 80 52 90°
Glass Beads* 325 62 30°
Abrasion 600 Grit - -

Silicon Carbide

Polished (0.5 u) - =
A1,0; Finish

*Powder of finely divided abrasive.

Polarization resistance measurements were carried out with a Princeton
Applied Research (PAR) Corrosion Measurement Console, Model 350. A three-
electrode system was used and the scan rate was typically 0.1 mv/sec. A
previous investigation [5] described studies conducted in distilled water,
where compensation for the high resistance of the electrolyte was made in
two ways. First, the Luggin capillary was positioned close to the metal
surface. Second, a PAR IR compensation module, Model 356, was used to
measure the uncompensated resistance of the solution and calculated values
were consequently adjusted to account for the high resistance of the solution.

Present studies utilized more conductive and more aggressive solutions.
A 0.1M borate buffer solution pH=8.5 was used initially and later studies
involved using a 0.1M borate - 0.1Z NaCl solution pH=8.5.

All measurements were carried out on SAE 1010 Steel.

RESULTS

The experimental data from which the conclusions were drawn are based
on polarization resistance measurements, cathodic polarization measurements
and cathodic delamination studies of treated and untreated steel substrates.
The results from each of these techniques will be reported.




Polarization Resistance Measurements. This technique was adopted as
the prime method for comparing corrosion behavior since it was desired to
: make corrosion measurements at short times in the situation where the metal
¥ corrosion loss was minimal. It was also desired to make corrosion measure-
k- ments as a function of time without removing the samples from the solution.
Polarization resistance measurements appeared to meet the required needs.
An extensive literature review of the studies utilizing the polarization
resistance technique is found in a NACE publication [6].

Early measurements using various surface treatments indicated that
steel blasted with alumina, or mixtures of alumina with chromia or silica,
yielded significantly lower corrosion rates than steel abrasively polished
with silicon carbide or blasted with steel grit. Although these measurements
yielded good comparative values, the actual values were not quantitatively
correct because of inadequate IR compensation. These values will not be re-
ported herein even though it is felt that they provide convincing support
for the efficacy of alumina blasting in developing a surface that has super-
ficial corrosion resistance.

Previous studies provide evidence that steel abrasively blasted with
alumina exhibits a lower initial rate of corrosion in distilled water than
similar steels balsted with steel grit or abraded with silicon carbide [5};
Table II is a partial summary of the results found.

Table II

Calculated Corrosion Rates from Polarization Resistance Measurements
of Steel in Distilled Water after Surfacing in Various Ways [5]

| Immersion Corrosion Ecory (mV)
Surface Treatment Time (min) Rate (mpy) vs. SCE
k' As received 5 2.35 -624 3
35 0.75 -680
65 0.57 =720 3
95 0.52 -736 :
4 Abraded, 600 Grit, 5 27.30 -586
s Silicon Carbide 35 0.81 -638
. 65 0.71 -658
4 95 0.67 -674
J Blasted, Steel Grit, 5 3.82 -540
o 80 Mesh 35 .59 -582
' 65 .69 -592
”_! 95 .85 -604
B Blasted, Alumina, 5 0.69 -746
: 60 Mesh 35 0.35 -736
=734
-738




A continuation of these intial studies was conducted during the past
year. A decision was made to use a more aggressive environment and one in
which the solution conductivity was higher than distilled water. The increase
in conductivity of the solution will eliminate 'IR' drop problems. And the
use of a more corrosive medium would provide a better way to judge the ef-
fectiveness of abrasive blasting with alumina. In addition, several post-
abrasion treatments were performed to better enhance the improved corrosion
resistance of the alumina-blasted steel. Among the various post-treatments,
chromating and anodization gave encouraging preliminary results.

Corrosion data are represented by polarization resistance (R,) values
in ohms/cm?. The Stern-Geary (7] approach, Equation (1), indicates that a
large value corresponds to a low corrosion rate, i.e., small corrosion
current densities, as follows:

8,68

AC
AE/AI = R, = (1)
Rp 2.3 icorr(BA*'BC) ’
where AE is the overpotential, AI is the current, i is the corrosion

current density, B, and B; are the anodic and cathoglc Tafel constants.
Values of Rp are preferentially used to compare the corrosion resistance of
various substrates. Corrosion rates are not calculated in the usual manner
so as to avoid errors caused by uncertainties in the Tafel constants in the
mediums investigated. Therefore, the larger the value of Rp, the lower the
corrosion rate.

Polarization resistance results for measurements made in 0.1M borate
pi=8.5can be seen in Table III and Figure 1. In Figure 1, a plot of log Rp
vs. time shows that alumina blasted steel gave higher values for ; however,
only slightly better than abraded steel. The maximum difference was observed
early in the experiment. A geometric surface area of 0.80 cm? was used to
calculate Rp values. A discussion of surface area will be approached later
in this paper.

Several post-blasting treatments were conducted. First, alumina-
blasted steel was anodized in 0.5M borate at pH=5.50 in an attempt to en-
hance the surface concentration of aluminum or facilitate its incorporation
into the surface oxide. Secondly, alumina-blasted steel was subjected to a
chromate dip (Solution composition: 100 g KoCry07 + 13 g NaOH/1.0 liter) at
95°C for various immersion times. The chromate dip was applied after blast-
ing and also after anodizing alumina-blasted samples. Polarization resistance
results for treated samples can be seen in Table IV and Figure 2. A compari-
son of the results found in Table IV with those reported in Table III indi-
cates that anodization, chromating, and anodization-chromating gave improved
corrosion behavior over those samples treated as indicated in Table III.
Survey Auger and XPS scans revealed that chromium remained on the surface
after its application and also after exposure to a corrosive environment.

The chemical state of chromium has not been determined to date. In additionm,
chromating of a steel-grit blasted sample did not enhance its corrosion
resistance.




Table III

Polarization Resistance Measurements for Abraded and Blasted Samples
during Exposure to 0.1M Sodium Borate at pH 8.5

Time of
Surface Treatment Immersion (min) Rp(ﬂ/cmz) EcOrr(mV) vs. SCE

Abraded, 600 Grit 30 2.17x 10% -402
Silicon Carbide 65 4.49 104 -380
100 6.05x 104 -370
135 7.18x 104 -365
170 8.88 x 10% -360
205 1.04% 10 -354

As Received 30 - -
65 3.60x 104 -416
100 5.74 x 104 -391
135 6.61x 10% -384
170 7.20x 104 -379
205 6.48 x 10% -379
Steel Grit, 80 Mesh 30 2.49 x 104 -333
65 3.76 x 104 -311
100 4,24 x 10% =297
135 5.08 x 10% -285
'170 5.21 x 104 =277
205 6.48 x 10% -269
Alumina*, 280 Mesh (avg.) 30 6.98 x 104 -338
65 8.55 x 10% -325
100 8.87 x 10% -320
135 9.20 x 104 =307
170 1.01 x 10° -314
205 9.78 x 104 -314
Glass Beads*, 325 Mesh (avg.) 30 7.94 x 103 -374
65 1.23 x 104 -356
100 1.69 x 104 -344
135 2.20 x 10% -336
170 2.48 x 104 -331
205 2.88 x 10% -325

*Powder of finely divided abrasive.

i
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Table IV

1 Polarization Resistance Measurements in 0.1M Sodium Borate of Al;03-
3 Blasted Samples as a Function of Post Treatment

Time of
k- Surface Treatment Immersion (min)  Rp(R/cm?) E.orr(mV) vs. SCE
Alumina, 280 Mesh, 30 1.30 x 10° -318
Anodized @ +0.650 V 5 r
(SCE) for 10 min 65 1.50x10 311
100 1.57 x 103 -307
135 1.76 x 10° -305
170 2.08 x 10 -303
205 1.92x 10° -302
Alumina, 280 Mesh, 30 6.88 x 10% 590
gh;i’:ate Do Lo 65 9.52 x 10% -419
100 1.16 x 10° 421
135 1.49 x 107 -409
170 1.66 x 102 -400
205 1.90 x 10° -390
Alumina, 280 Mesh, 30 5.01 x 104 -424
Anodized @ +0.700 V 5 -
) Tov. ) g 65 1.98 x 10 405
! Chromate Dip for 6 min 100 2.20 x 103 -384
: 2.25x 107 -373 4
2.36 x 107 -366 ;
2.58 x 10° -362
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Several additional surface treatments were investigated and these re-
sults can be seen in Table V. A polished steel surface, an abraded steel
surface followed by cathodic treatment, or anodized steel in 0.5M borate
1 A ¥ pH=5.50 enhanced the corrosion resistance over that of alumina-blasted steel
when tested in 0.1M borate pH= 8.5, see Tables III and IV. Apparently a
. freshly cleaned or prepared steel surface was easily passivated in the
\ buffered borate solution. An active-passive transition during an anodic
scan in 0.5M borate pH=5.5 was supportive of this conclusion (see Fig. 3).

In addition, an abraded steel surface was subjected to a chromate dip
and gave excellent results, i.e., high values (see Table V). Again, sur-~
vey Auger and XPS scans indicatcd the presence of chromium before and after
exposure to 0.1M borate pH=8.5.

Although improved corrosion resistance was found for alumina-blasted
samples when compared to untreated, steel grit-blasted, glass bead-blasted
and, in some cases, abraded steels in buffered borate solution pH= 8.5, some
surface treatments revealed that a freshly prepared steel surface was easily i
1 passivated. Therefore, it was decided to increase the aggressiveness of the
solution by adding 0.17% NaCl to the test medium. Preliminary results can be
seen in Table VI and Figure 4. Alumina-blasted steel without post-treatment
showed improved corrosion resistance over as received, steel grit-blasted,
and glass bead-blasted steels; however, Rp values for abraded steel were
higher than for alumina-blasted steel. But, anodization of the alumina-
blasted steel in 0.5M borate pH= 5.5 gave better results than all samples
tested to date.

Cathodic Polarization

The importance of cathodic reactions on steel substrates, especially
I the oxygen reduction reaction, has been discussed in previous studies [8-12]
concerning cathodic delamination. Also, the investigation and catalytic
inhibition of the oxygen reduction reaction has been proposed and its im-
. portance defined [13].

Cathodic polarization curves were determined for various surface-

treated steels in 0.1M borate-37% NaCl pH=8.5. Representative polarization

curves in the vicinity of the corrosion potential can be seen in Figure 5. 1

For comparison, a polarization curve for 1100 aluminum was included to

demonstrate the reduced activity of aluminum surfaces towards the oxygen

reduction reaction [1,2]. This reduced activity is characterized by a re-
g ! duction in the cathodic current density when compared to mild steel sub-
strates. Alumina-blasted surfaces gave lower current density values than
did polished or degreased steel samples of almost an order of magnitude.
Also, alumina-blasted samples gave lower current density values than either
steel grit-blasted or glass bead-blasted steels.




Table V
4 Polarization Resistance Measurements in 0.1M Borate pH=8.5
for Various Surface Treatments A
: N
Time of
Surface Treatment Immersion (min) Rp(Q/cmz) Ecorr{(mV) vs. SCE
Abraded, 600 Grit 30 3.49 x 104 -384
Silicon Carbide, 4 B
Cathodic Polarization 65 7.23x10 336
@ -1.300 V (SCE) for 100 1.09 x 103 -345
SRR a5 1.35x 107 -339
170 1.91 x 10° -332
205 2.29 x 107 -328
Polished, Alumina 30 5.97 x 10% -370
BiEENE R 65 1.15 x 10° -347
100 1.52 x 10° -329
135 1.69 x 102 -321
170 1.87 x 107 ~5lE)
205 2.03x10° -318
Abraded, 600 Grit 30 1.11 x 103 -521
Silicon Carbide, o 5 y
N Chromate Dip for 65 2,33 x 105 <
4 min 100 4,10 x 10 73
15 4.11 x 10° <461
170 3.75 x 10° slpiyg
' 205 4.92 x10° <431 i
Abraded, 600 Grit 30 6.14 x10% =334%
Silicon Carbide, 5 <
Anodized @ +.650 V 65 Lty Lo oL
(SCE) for 6 min 100 ;525 10° -305
5, 135 2.10 x 10° -296
: 170 2.46 x 103 -289
E 205 3.08 x 105 -284
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Table VI

f Polarization Resistance Measurements for Various Surface Treatments
i during Exposure to 0.1M Borate-0.17 NaCl pH=8.5
E Time of
E Surface Treatment Immersion (min) Rp(Q/cmz) Ecorr(mv) vs. SCE
& Abraded, 600 Grit 5 —= -424 ;
’ SElieon 15 2.49 x 10* -396 ‘
25 3.78 x 104 -380
35 4.61 x 104 -369
45 5.42 x 104 -357
55 5.47 x 10% -352 *
{ As Received 5 - -399 i
15 2.04 x 103 -581
25 2,51 x 103 -613
35 3.32 x 103 -625
45 3.91 x 103 -624
55 4,37 x 103 -616
Steel Grit, 80 Mesh 5 2.96 x 103 -403
| 15 2.80 x 103 -403
’ 25 2.49 x 103 404
" 35 3.06 x 103 404
45 2,78 %2 -406
b | 55 2.78 x 103 -407
Glass Beads, 325 Mesh (avg.) 5 8.69 x102 -818
15 1.15 x103 -831
25 1.27 x 103 -838
35 1.44 x 103 -842
¢ 45 1.43 x 103 -842

55 1.41 x 103 -841




Table VI (Contd.)

Time of
Surface Treatment Immersion (min) RP(Q/cmz) Ecorr(mV) vs. SCE -

Alumina, 280 Mesh 5 1.15 x 10* -395
15 1.86 x 10% -388
! 25 1.90 x 10% -385
35 2.24 x 104 -385
45 1.80 x 104 -382
55 1.57 x 104 -381
Alumina, 280 Mesh, 5 2.11 x 10* -341

Anodized @ +.650 V 4 _
e oo 15 4.59 x 10 340
5.87 x 10% -339
8.09 x 10% -330
8.17 x 10% -327

1.02 x 10° =323
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Cathodic Delamination

A description of a cathodic delamination experiment and the conditions
of the test have been described in a recent study [5]. The specimens tested
involved an epoxy coated steel,grit-blasted steel and an epoxy coated alumina-
blasted steel. Data typical of panels abrasively cleaned with steel grit and
those abrasively cleaned with alumina are given in Figure 6. Each point in
Figure 6 represents a separate experiment on panels that were prepared at the
same time. Although the absolute values of the delamination rate varied with
the type of epoxy powder, the alumina-blasted panels yielded a lower rate of
delamination than the steel-grit-blasted panels.

Estimated Surface Areas

Early studies and measurements of Rp data were determined using a
geometric value for the surface area, an assumption which may only be useful
for a quick comparison and by no means an effective way to calculate accurate
corrosion rates or corrosion current densities. In order to estimate the
surface area of the substrate of interest, a correlation was used between
an average surface roughness value (Rj) and the geometric surface area,

0.80 cm®. The geometric surface area was assigned to polished and as re- l
ceived steel and direct proportionality was set up to correlate R, values
determined for each of the samples tested. Table VII gives the Ry values
and the estimated surface areas for the various samples. The cathodic
polarization curves, Figure 5, were determined using these estimated surface
areas. Future work on polarization resistance studies will include these
surface area values to determine more accurate Rp values.

-28-
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Table VII

Estimated Surface Area Values for the Various Abraded
and Blasted Samples

! Estimated

i Surface Treatment *Rp(avg. surface roughness) Surface Area

] As Received 0.25 ym 0.80 cm?
Abraded, 600 Grit 0.34 1.00

Silicon Carbide

Alumina, 280 Mesh 1.03 3.20
Glass Beads, 325 Mesh 0.79 2.50
Alumina, 60 Mesh 2.33 7.40
Steel Grit, 80 Mesh 2.18 7.00

*Roughness values were measured on a '"SURTRONIC 3" instrument
supplied by Taylor-Hobson of Leicester, England. This instru-
ment provides a numerical assessment of the roughness by what
is known as the roughness average, Rj, method. Over a pre-
scribed sampling length, a center line is drawn such that the
sum of the areas embraced »y the surface profile above and be-
E - low the line is equal. The Ry value of the surface is then the ‘
average height of the surface profile above and below this line. ‘
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DISCUSSION

Data from measurements of the polarization resistance and cathodic
delamination studies indicate that abrasive treatment of steel with alumina
leads to a surface which is less active relative to steel not subject to
abrasive treatment. Supporting evidence that the alumina treatment affects
the activity of the surface came from Mdssbauer studies of the product
formed during corrosion in distilled water and from surface analysis which
indicated the presence of aluminum {5]). Although we are reluctant to say
that the data contained herein conclusively prove that abrasive blasting
of steel with alumina leads to a less active steel surface, cathodic de-
lamination and cathodic polarization studies along with information on the
reduced activity of steel surfaces implanted with aluminum {14] suggest
that the initial corrosion of steel may be reduced by abrasive treatment
with alumina.

The most important question raised by this work is ""How does alumina
blasting reduce the surface activity of the steel?" Both the Auger surface
analysis and the electron microprobe analysis showed that the element alu-
minum was present on the surface after abrasive treatment. However, neither
measurement gives conclusive evidence regarding the chemical state of the
aluminum. It is likely that the majority is present as finely divided alu-
mina which is embedded in the steel. The local hot spots generated by the
impinging alumina particles and the high activity of the abraded steel sur- )
face towards oxygen in the air suggest that some aluminum is incorporated
in the surface oxide during blasting and that some portion of this aluminum
becomes incorporated in the steel at levels below the surface. It is thus
proposed that the abrasive blasting of the steel surface with alumina leads
to doping of the steel surface with aluminum and that some portion of this
aluminum eventually becomes incorporated in the corrosion product at the
surface. Under relatively mild corrosion conditions, such as exposure to
distilled water [4,5] and exposure to borate solutions with and without
chloride, much of the aluminum remains at the surface and the surface film
becomes enriched in aluminum. The resulting iron-aluminum oxide is assumed 3
to have a lower activity for both the anodic and cathodic reactions because -
of the greater thermodynamic stability of aluminum oxide relative to iron
oxides and the lower activity of oxided aluminum surfaces for the oxygen
reduction reaction [1,2].

Several examples have been found in the literature in which abrasive
blasting of a surface altered greatly the corrosion or surface properties
of a metal. Such references are difficult to locate because they generally
are peripheral to the major purpose of the paper and they are not usually
found as index entries.

The most significant article is that by Andziak and Bokszczanin [15]
in which it was noted that the anticorrosion properties of powder epoxy
coatings on steel were improved when the steel was abrasively blasted with
aluminum oxide in the form of corundum.
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An outstanding example of the effect of different abrasives on corro-
sion behavior is shown in the work of van Rooyen, Copson and Berry [16] in
experiments carried out with Inconel 600 in borated water at 600°F. They
observed that panels grit blasted with alumina exhibited corrosion rates

of the order of 50-70 mg/dm2 whereas panels grit blasted with ferrochrome
corroded at the rate of 30 mg/dm2. Although the authors did not carry out
experiments to understand the unusual behavior of the panels abraded with
ferrochrome, they did conjecture that the ferrochrome grit blasting increased
the chromium content of the surface.

Schwab and Drisko [17] have studied the dry adherence of six different
types of organic coatings to steel that was abrasively finished to white metal
(NACE 1) as a function of different abrasives. They noted a 0.999 level of
significance between the bonding strength and the type of abrasive. Although
the profile after abrasion appeared to be an important variable, they also
noted that "abrasives may have deposited on surfaces or may have reacted
chemically with them."

Present work reported herein strongly suggests and further supports the
idea of a chemically mofified surface as a result of abrasive blasting with
alumina. Early studies [4,5] revealed an improved corrosion resistance to
distilled water when samples had been properly treated by alumina-blasting.
Encouraging results in this study indicated that subsequent treatments may
further enhance the benefits of alumina-blasting, e.g. anodization, chromating,
etc... An area that merits further research and consideration.

SUMMARY

Much of the alumina that ends up on the surface after blasting is present
as embedded particles that impact the surface and plastically deform it.
Generally these particles act as neutral inclusions which are poor electrical
conductors and have little influence on chemical behavior of the steel or
iron oxide. However, a small fraction of the total aluminum present in the
surface is presumed to be incorporated into the oxide film on an atomic
scale. The energy released locally during impact is high and some of the
aluminum ions or aluminum-oxygen complex enter the surface oxide during its
formation as the alumina particles impact the surface. This newly formed
oxide is assumed to be a poorer catalyst for the oxygen reduction reaction
and more resistant to anodic attack.

Proof of this hypothesis requires the use of an analytical method to
show that aluminum is present in the iron oxide as a component of the oxide
on an atomic scale and not as part of an occluded particle of aluminum oxide.
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Towards an Understanding of the Phenomenon of Poor Wet Adhesion
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INTRODUCTION

Some organic coating/metal substrate systems, when immersed in aqueous
solutions, show a serious deterioration in the strength of the coating/metal
bond. In some systems the adherence becomes essentially negligible within a
short period of time whereas in other systems the adherence is unaffected by
immersion. Poor wet adhesion is reversible, i.e., the adherence is regained
when the coating is permitted to dry. The work reported herein represents a
first preliminary step in attempts to understand the origin of poor adhesion
in the presence of water.

EXPERIMENTAL RESULTS

The objective of the experiments outlined below was to determine the
ubiquitousness of the loss of adhesion when a thin coating/substrate system
was immersed in an aqueous solution. These experiments include data ob-
tained on three different types of substrates: (a) glass, (b) solid metals,
and (c) evaporated metals on glass and silicon.

e it

Glass Substrates. Fresh glass cover slips were uszed after flame clean-
- ing and exposure to various organic solvents. Three different coatings were
o used: an acrylic known as Acryloid B66 manufactured by Rohm and Haas; an
alkyd topcoat known as Rustoleum 7791 satin white; and polybutadiene. They
were applied using a centrifugal spin coater and the resulting thicknesses
were in the range of 5-10 uym. The curing conditions were: acrylic - 30
min in air at 100°; alkyd - 7 days at room temperature; polybutadiene -
30 min in air at 200°.

The coated glass was exposed to deionized water for different periods
of time and the adhesion was determined within ten sec after removal from
the water using a mask pull-off test. Both the acrylic and the alkyd coating
lost adhesion within 15 min after immersion in the water while the polybuta-
diene remained tightly adherent to the glass after immersion in the water for
¢ 2 weeks. Microscopic observations of the glass/coating interface through the
b | glass indicated that small blisters formed and grew in size. The shape of
ji’ the blister could be determined by measurements of the interference fringes.
k! A dynamic view of the adhesion loss could be obtained by following the
blister growth with time. The coating pulled off with the masking tape when
approximately one-half of the glass/coating interfacial area was covered
with blisters. It should be emphasized, however, that water film thicknesses

Py, Yo




at the interface of less than approximately 1000 & would not be detected.

The effect of solution pH on the deadherence phenomenon was determined
with the acrylic coating by immersion of the coated glass in solutions of pH
value O, 2, 4, 6, 8, 10, 12, and 14. The pH was controlled by means of NaOH
or HC1l. The rate of blister formation was high in all solutions of pH 4
through 10. No blisters were observed at pH 14 and very few blisters were
observed within 30 min in solutions whose pH was 0, 2, and 12.

Time-lapse photography was used to examine blister formation and dis-
appearance on acrylic-coated glass. The cell used in this study permitted
water to be injected and removed at will. It was also possible to blow dry
air over the coating so as to dry it rapidly. Blisters of significant size
developed in less than 2 hr. Upon removal of the water and the application
of the dry air stream, the blisters disappeared within 1 hr. The dry air
was circulated over the surface of the acrylic coating for an additional
17 hr and the coating was re-exposed to water. The blisters formed in the
identical locations as previously and grew at approximately 10 times the
initial rate. Either the blisters form at specific sites where defects
exist in the coating or, once formed and dried, they prevent the coating
from regaining all of its initial adhesion.

Solid Metal Substrates. Aluminum, silver, cadmium, copper, nickel,
silicon, tin, zinc and zirconium substrates were used in the metallographi-
cally polished condition (0.3 um Al703 used as abrasive). Four coating
systems were studied: the acrylic described previously, the Rustoleum 7791
alkyd, an alkyd coating containing red lead, and an alkyd coating containing
2inc chromate. Table I gives the results of adhesion after exposure to de-
ionized water for 3 days at 25°. It will be noted that aluminum and tin both i
exhibited good adhesion after the immersion while the nickel and silicon ex- '
hibited poor adhesion after the immersion in 3 of &4 cases. §




Table 1

The Adherence of Organic Coatings to Solid Metal Substrates
after Immersion in Deionized Water for 3 Days at 25°C

Coating

Rustoleum Alkyd with Alkyd with
Substrate Acrylic Alkyd Red Lead Zn Chromate
Aluminum good good good good
Silver poor poor
Cadmium good poor
Copper good poor good good
Nickel poor poor poor good
Silicon good poor poor poor
Tin good good good good
Zinc good intermediate
Zirconium intermediate poor

Note: All tests are averages of 8 trials.
Blank entries indicate that no experimental data were generated.
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Evaporated Metal Substrates. The initial studies were carried out by
evaporation of several different metals onto the glass cover slides. How-
ever, the metal/glass interface itself exhibited :oor adhesion in some cases
and this method was abandoned. The glass was then first coated with polybu-
tadiene and the metal was condensed from the vapor state onto the polybuta-
diene. This method worked muderately well except in the case of copper in
which case the acrylic and alkyd coatings led to po.r wet adhesion at the
glass/polybutadiene boundary. This effect was recognized as strange but an
explanation was not pursued. The results obtained with aluminum, silver,
copper and silicon substrates after immersion in water for 3 days at 25° are
summarized in Table II. The results were consistent with the previous ex-
periments in that aluminum substrates generally exhibited good wet adhesion
and silicon exhibited poor wet adhesion.

An additional set of experiments was performed in which silicon single
crystal wafers were used as substrates for the metal deposition. Results
obtained with organic coatings on silicon coated with aluminum, silver,
chromium, copper, nickel and tin as well as uncoated silicon and oxidized
silicon are summarized in Table III. In this series as well, the wet ad-
hesion on aluminum and tin was good and the wet adhesion on nickel and
silicon was poor.

No interpretation of the experiment results is being offered at the
present time pending additional measurements.

Table II

The Adherence of Organic Coatings to Metals Evaporated
onto Polybutadiene-Coated Glass after Immersion
in Deionized Water for 3 Days at 25°C

Coating
Rustoleum Alkyd with Alkyd with
Substrate Acrylic Alkyd Red Lead Zn Chromate
Aluminum good poor good good
Silver good poor poor poor
Copper * * good good
Silicon** poor poor poor poor

* - No measurements could be made because polybutadiene ad-
herence to glass was poor after water immersion.

**% - Silicon wafer was used.

et




Table 111

The Acherence of Organic Coatings to Metals Evaporated
onto Silicon Wafers after Immersion in Deionized

Water for 3 Days at 25°C

Rustoleum Alkyd with Alkyd with
Substrate Acrylic Alkyd Red Lead Zn Chromate
Aluminum good good good good
Silver * poor intermediate poor
Chromium good good good good
Copper good intermediate good good
Nickel poor poor intermediate intermediate
Tin good good good good
Silicon good intérmediate good poor
Oxidized good poor poor poor
Silicon
* - Silver pulled off silicon during adhesion testing.
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Program #3

Interfacial Breakdown in a Coating/Metal System as Studied
by Thin Film Conduction Techniques and Optical Microscopy
from the Substrate Side

INTRODUCTION

Protective polymer coatings are used to prevent substrate degradation
by acting as physical barriers to exclude or reduce aggressive attack by the
corrosive environment. The necessary conditions which initiate or propagate
underfilm corrosion include: the presence or development of conductive path-
ways between the substrate and bulk electrolyte, oxygen, water and ions.
Elimination of all or some of these conditions at the interface will conse-
quentially impede or inhibit underfilm corrosion.

The study of protective coating failures begin with an attempt to
understand the mechanisms which are operative at the metal/coating interface.
The use of thin metal films deposited on glass slides enables the investi-
gator to observe changes at this interface by optical as well as electrical
methods.

Organic polymeric materials are currently used for dielectrics in the
semiconductor-industry, electrical protection as insulators, and coatings
for metal surfaces. Electrical measurements made on polymers detail changes
in the dielectric characteristics of the coating. The electrical properties
which are currently measured to observe dielectric changes include: DC
resistance, AC resistance, capacitance, AC impedance, and dielectric proper-
ties as a function of temperature. In addition, some investigations are
concerned with studying the corrosion of painted metals by electrochemical
techniques, e.g. potential-time and polarization measurements; reviews of
these methods are given by Wolstenholme [1] and Leidheiser {2]. Not only
are coating failures recognized by electrical measurements, but mechanisms
of coatings failures have been proposed for some systems [3,4].

The primary cause for coating failure results from water penetration to
the polymer/substrate interface, i.e., an aqueous phase is needed to support
corrosion reactions. A decrease in the resistance of a coating indicates an
increase in water penetration, i.e., establishment of conductive pathways.
Using resistance values for different polymeric varnish coatings, e.g.
erythritol alkyd resins, Kinsella and Mayne [5] have proposed that two types
of ionic conduction exist: a given film may exhibit inverse or direct con-
duction characteristics depending on its composition, mode of preparation,
and environment. AC resistance-capacitance studies have been made by
Touhsaent and Leidheiser [6] where a model for water penetration and eventu-
al coating breakdown has been postulated. The effective electrical permit-
tivity of polymer-coated steel was measured at various frequencies as a
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function of time of exposure to NaCl electrolyte by Kendig and Leidheiser [7].
These measurements were indicative of complete penetration by a conductive
phase and correlated well with visible localized corrosion. Also, capacitance
measurements have been used to determine the volume 7 of water in a polymer
coating [8]. Capacitance measurements made by O'Brien [9] have been used to
predict the lifetime of bituminous type coatings and to calculate the actual
depth of water penetration into the coating. Among other electrical phenomena
studies, an AC impedance method has been used to detect local defects in
polymer coatings [10,11] and a time domain dielectric spectroscopic method is
currently being developed in this laboratory to determine the location of
aggregates of water in a coating (see Program #6).

Resistance measurements similar to those made by Jedlicka and Geschke
[12] and Reidel and Voigt [13] may also prove to be useful. Thin films of
iron, either evaporated or in foil form, were coated with a polymer and ex-
posed to corrosive enviromments. The change in resistance parallel to the
surface was indicative of a coating that was converted to a highly resistant
material, i.e., rust. These procedures could be modified or extended to in-
clude coated corrosion products as a sample and monitoring the change in
resistance as water, oxygen, and ions penetrate the organic film. Also,
Haruyama and Tsuru [l4] performed conductive measurements on evaporated thin
films of high purity metal on glass. They used a conventional Wheatstone
bridge with a 1000 Hz signal generator. The change in conduction of the
film electrode was traced by recording the unbalanced output voltage of the
bridge.

The problem at hand is to utilize these various techniques to study
the interfacial region between polymer and substrate or polymer/metal oxide/
substrate. How does water or electrolytic solution alter the electrical
characteristics of the substrate or, better yet, the interface between the
substrate and protective coating? Also, what happens to the conduction
along this interface when corrosion products are present? In order to seek
answers to these questions, the initial work will focus on the electrical
properties of thin metallic films coated with an organic polymer.

EXPERIMENTAL

A procedure for measuring the electrical conductivity of dried films
was performed by Wallace [16] and for cured films by Henderson [17]. Their
set-up will be modified to measure the specific conductivity of a thin
metallic film coated with a thin polymeric film. Henderson applied a
current of one~microamp across the sample and measured the voltage drop
across the measuring probes after one minute. The specific conductivity,
Ly, is given by the following equation,

where I 1is the applied current, ¢ is the distance between voltage
measuring probes, A 1is the cross-sectional area of the specimen, and
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V is the voltage drop. Using this same experimental design, potential-
current behavior can be monitored by applying different currents to the sample
and recording the subsequent potential changes. The experimental set-up can
be seen in Figure 1. Electrical connections using #32-7/40 extruded teflon
wire, obtained from the Alpha Wire Corporation, are made with a low-resistance
contact cement supplied by Ernest Fullam, Inc. Voltage measurements were made
with a Keithley 600A electrometer and current measurements were made with a
Beckman 300 Tech digital multimeter. A variable DC power supply was used as

a current source.

At first, only the thin metal film, i.e., no coating, was subjected to
high relative humidity, 527 and 88Z, to observe changes in the resistance
with time of exposure. Additional experiments involved direct contact with
either water or 0.1Z NaCl. Quantitative results are complete for these in-
itial studies. However, only some qualitative results are available for
coated thin metal film specimens. Vinyl ester and epoxy-polyamide coatings
were used in these investigations; both coating systems were cured at room
temperature over a period of seven days. The coated samples were then ex-
posed to the same relative humidity conditions as the uncoated samples.

RESULTS AND DISCUSSION

The thin metal films studied to date include: aluminum, nickel, and
iron. Initial studies involved following the change in resistance with time
of exposure to 887 and 527 relative humidity (RH) and, in some cases, direct
contact with water or 0.17 NaCl. Quantitative results have been obtained
for uncoated systems. Experimental results have revealed that 887 RH is
more aggressive than 527 RH. Figures 2-4 give representative plots of
change in resistance, AR, versus time for the various thin metal films.
Aluminum films are more conductive, i.e., lower resistance values, than
either iron or nickel. 1In addition, aluminum is more corrosion resistant,
showing the smallest change in resistance with increasing time of exposure.
Table I compares the change in resistance with time among the various metal

films.
Table I

Uncoated Thin Metal Films Exposed to 887 Relative Humidity.
Change in Resistance at 48 and 220 Hours

Metal Thickness (&)  AR48 hrs(®)  AR220 hrs(R)
Aluminum 280 .02 .08
Aluminum 100 25D -—
Iron 270 8L | .1
Iron 250 145 5.4
Nickel 390 3.6 8
Nickel 110 25 85
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Upon examining Figures 2-4 and Table I, it can be seen that resistance
values increase as the film thickness decreases. As film thickness becomes
of the same order as, or smaller than, the electron mean free path, scatter-
ing of electrons at the film surface becomes significant and the effective
conductivity is reduced [18]. A plot of thickness vs resistance, Figure
5, shows an exponential increase of resistance, that is, the change of re-
sistance below about 1008 will not be considered.

Corrosion of the metal film is most pronounced at the specimen's edge.
This undoubtedly is a result of a decrease in bonding with nearest neighbors,
i.e., corrosion in bulk metals generally is initiated at grain boundaries,
dislocations and other macroscopic defects. Thin film corrosion exhibits
many of the familiar forms. For example: Attack of thin aluminum films
(Fig. 6) takes the form of pits or highly localized corrosion; iron thin
film attack varies from highly localized to general corrosion (Fig. 7);
and nickel thin films show highly localized corrosion (Fig. 9). 1In some
cases, iron corrosion has a similar appearance to "filiform corrosion"
(Fig. 9); however, there is no reason to believe that such a mechanism is
operative.

In general, the resistance of the film increases within several hours
of exposure to an aggressive environment. This increase in resistance is a
result of oxide formation, i.e., corrosion product formation which is less
conductive than the unattacked metal. Also, the resistance increase occurs
before visible signs of corrosion are apparent, even with the aid of a light
microscope. However, in most cases, corrosion appears within 48 hr or less.

In addition to exposure at different relative humidities, the thin film
samples were exposed directly to water and 0.1 NaCl. The experiment involved
taking measurements in the presence of water or salt solution. Then the
corrosive enviromment was removed and the sample allowed to dry and a subse-
quent measurement was recorded. An increase in resistance was noted, in both
cases, with increasing time of exposure; however, the dry film gave higher
resistance values. This difference in resistance values can be attributed
to an ionic contribution to the overall current. In other words, the current
values measured are higher for the wet film which translates into lower re-
sistance values. However, the ionic contribution was small with a difference
in resistance between dry and wet films of only ! to 3Q for a 160& nickel
film.

Some preliminary qualitative results are available for coated systems,
The vinyl ester coating was preferentially used because of its transparent
nature. Coated specimens exposed to 887 relative humidity showed a delay
time before resistance values changed. One would expect a delay time in
the coated system because water must first penetrate the coating to establish
a corrosion cell. Thicker coatings gave longer delay times and often showed
no resistance change over seven or more days. However, direct exposure to
distilled water showed changes in resistance within four to eight hr. Over-
all, the total change in resistance values was less for coated specimens than
found for uncoated specimens-- again, a result which one would expect from a
coated system. An optical light microscope was used to observe the advance-
ment of corrosion from both the coated side and the metal side, i.e., through
the glass slide. Corrosion in the coated systems were highly localized in
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Figure 7. Photographs of thin iron films, 2703., exposed
y to 887 R.M. (A), and 527 R.M. (B), for 7 days
! (10X).
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4! Figure 8. Photographs of thin nickel films, 3904,
1 exposed to 887 R.M., for 21 days (10X).
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i Figure 9. Photographs of 'filiform'-like corrosion on
thin iron films, 280&, exposed to 887 R.M.
for 7 days (A-10X and B-4X).
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nature where corrosion areas showed radial growth with time until adjacent
areas grew together.

SUMMARY

The resistance of the metal film increased with time of exposure to
high relative humidity or an aqueous solution. Thinner films gave higher
resistance values than did thicker ones and also showed the largest change
in resistance with time. There was almost no delay time when uncoated
specimens were exposed, that is, resistance values began to change within
a few hr. However, the increase in resistance did level off after some
time, which was a function of both substrate and thickness. In general,
nickel films showed the largest change in resistance, i.e., decreasing
conductivity, whereas aluminum films gave the smallest change in resistance,
with iron films falling in the middle. It was observed that resistance
changes occurred before corrosion was noticeable. Corrosion of uncoated
specimens was most pronounced at the specimen edges. Large increases in
resistance did occur when corrosion areas, highly localized, became visible.
A small ionic contribution to the overall current was observed when the
metal thin film was immersed in an aggressive environment. Finally, an
induction time was observed for coated samples before resistance values
began to change.
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Program #4

A Model for the Quantitative Interpretation of Cathodic Delamination

INTRODUCTION

Many coated steel products are subject to scratches or dents with con-
sequent exposure of the steel to the enviromment. If the coated materials are
continuously immersed in an electrolyte, as for example ships, underground
pipelines, and the interior of vessels holding an aqueous solution, it is
possible to protect the exposed area by means of an applied potential. Onme
of the undesirable aspects of cathodic protection is that the coating adjoin-
ing the defect may separate from the substrate metal. This loss of adhesion {
is known as “cathodic delamination.”" This type of delamination may also occur
- in the absence of an applied potential. The separation of the anodic and
' cathodic corrosion half reactions under the coating provides regions which
are subject to the same driving force as when the cathodic potential is ap-
plied externally.

EMRLALIR G ot et

The second annual report contained a summary of the experimental data
related to cathodic delamination. This report provides a mechanism of the
process and predicts some consequences of the mechanism.

PROPOSED MECHANISM OF CATHODIC DELAMINATION

3 Figure 1 defines some of the terms used in the discussion which follows.
4 The key point about the delamination process is that once the delamination -
begins, the area delaminated from the substrate metal is a linear function of ’
time. Extrapolation of this linear relationship to zero delamination occurs
at a finite time, the so-called "delay time". This delay time is considered |
to be that time required to establish a steady-state condition. [

The concept utilized to interpret the delamination process is one that
has been used with success to interpret the growth or dissolution of a pre-
cipitate [1]. This concept is outlined below and several of the terms used
are shown schematically in Figure 2. The terms used in the discussion are
the following:

S = the growth coordinate in cm/sec
D = diffusion coefficient in cm?/sec

a = the growth coefficient. The value of a is a function
of Cy, C; and Cw
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{ C, = the concentration of the solute atoms in the
precipitate

C1 = the concentration of the solute atoms in the
matrix which is in equilibrium with the precipi-
tate

! C, = the concentration of the solute atoms in the
1 matrix far away from the precipitate

In our application of these concepts we are concerned with the two-dimen-
sional problem of the radial growth of a circular defect which is made on
i purpose at the start of the experiment. The component whose concentration
is critical is the NaOH which is generated byv the cathodic reaction under
the coating.

The three essential components that must reach the reaction site are

L water, oxygen and the metal cation and they can reach the site either by
diffusion through the organic coating or by migration through the aqueous

phase adjoining the defect underneath the delaminated coating. The cathodic

reaction which occurs at the delaminating edge generates hydroxvl ions and

causes the very small volume of liquid under the coating to have a high pH.

\ This highly alkaline solution is the destructive influence which results in

' the delamination of the coating from the metal. We are not concerned in this

discussion with the exact mechanism by which the bond is broken. A discus~

sion of this. feature can be found in reference [2].

The concentration of the alkaline medium at the delaminating front is
determined by the following factors:

(a) The rate of the cathodic reaction

(b) Competition between diffusion of HY or Met ions to the
delaminating front

(c) The effective volume of liquid at the front

(d) The rate of diffusion of OH ions from the delaminating
front into the bulk solution

(e) Buffering reactions involving either the metal oxide at
the interface or the organic coating which may occur in
the liquid under the coating

Many of these factors are difficult to determine. From an experimental point
v of view, the pH at the delaminating front is about 14 under some circumstances.

The rate of the cathodic reaction is dependent upon the availability of
reactants and the catalytic activity of the surface. The rate determines how
many OH ions are generated per unit time, but the value of the pH at the

1 delaminating front is determined by the factors outlined above.
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Evidence summarized previously [2] suggests that both water and oxygen
reach the delaminating front by diffusion through the coating. The major
question is how do the alkali metal ions, Na%t for example, reach the front.
Is it through the coating or through the liquid at the interface between the
metal and the coating? This question remains unanswered but the answer is
not necessary before the process can be interpreted mathematically.

An essential reactant in the cathodic reaction, Hp0 + 1/209 + 2~ =
20H™, is the electron. The flux of electrons at the delaminating front is an
important variable. The representation of the electron availability at various
locations within the delaminated region is the polarization curve. The possi-
ble potential gradient underneath the delaminated coating from the defect to
the delaminating front will be described later. The only potential of signifi-
cance to our concerns is the potential at the delaminating front since this is
the site where the reactants are provided.

The metal surface must be catalytically active for the cathodic reaction
in order for the delamination process to occur. It has been shown in the case
of aluminum surfaces, phosphated steel surfaces, and zinc surfaces inactivated
with small amounts of cobalt [3] that the catalytic activity is low and that
consequently the rates of delamination of organic coatings on these surfaces
are also low.

The counter ions to provide charge transport and to provide charge
neutralization for the OH  ions generated in the cathodic reaction may be
either alkali metal ions (Li+, Na+, K+, Cs+) or the proton. In general, the
diffusion of the proton occurs at a faster rate than that of the alkali metal
ion both in aqueous solution and in an organic coating. However, in near
neutral solutions the ratio of concentration of the metal cation to the proton
concentration<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>